When a rodent licks a sweet-tasting solution, it activates taste circuits in the central nervous system that facilitate stimulus identification, motivate intake, and prepare the body for digestion.
for key to abbreviations).
The dependent measure was the relative integrated response of the CT nerve to each solution. The calculation of this measure involved three steps. We initially used the Biopac software to determine the mean voltage (in mV) over the 20 s immediately prior to stimulation Glendinning et al. / 8 with water (= baseline response) and the mean voltage over the first 20 s of stimulation with a sweetener solution (e.g., G 1 ) (= excitatory response). Note that we excluded the breathing artifacts from the mean voltage calculations; this resulted in the loss of 20-40% of the neural response to each stimulus, depending on breathing rate. Then, we measured the difference between the baseline and excitatory response (= absolute response). Finally, we divided the absolute response to a sweetener solution by the mean of the absolute response to AC, yielding the relative response to each sweetener solution.
The relative responses were analyzed in four ways. First, to test for gender differences, we ran a two way ANOVA on the relative response to the sweetener solutions, separately for the glucose and fructose series. We treated gender as a between factor and sweetener solution as a within factor. Because there was no significant effect of gender (glucose series: F 1,72 = 1.1; P > 0.05; fructose series: F 1,60 = 0.87; P > 0.05), we collapsed across gender in all subsequent electrophysiological analyses. Second, to test for differences in relative response to sweetener solutions, we ran one-way repeated measure ANOVAs and Tukey post-hoc tests (modified for repeated measures data), separately for the glucose and fructose series. Third, to examine responses to the single-component sugar solutions alone, we ran a separate mixed-model ANOVA, treating concentration (167, 250 and 333 mM) as a within factor and sugar type (glucose and fructose) as a between factor. Fourth, to determine whether the response to each binary mixture (e.g., SG 1 ) was synergistic, we determined the predicted relative response, based on an additive model (i.e., the sum of the relative responses to S and G 1 alone). Then, we compared the actual and predicted relative responses, using a paired t-test. If the actual relative response was significantly larger, then we inferred that the response was synergistic. In all statistical comparisons, we used an alpha level of 0.05.
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Initial licking responses. We used a no-choice two-bottle testing paradigm because it provides a highly sensitive measure of the difference in oral acceptability of two solutions (27) . In this paradigm, we compared the number of licks a mouse emitted for two sweetener solutions during successive 5-s trials. We measured licks with a commercially-available gustometer (Davis MS160-Mouse; DiLog Instruments, Tallahassee, FL) (29). The gustometer consisted of a testing chamber, a taste stimulus delivery system, and a dedicated computer system (with software that controlled the presentation of taste stimuli and recorded the precise timing of each lick). Once a mouse was placed in the test chamber, a motorized shutter opened. This provided the mouse with access to a single sipper tube (connected to a fluid reservoir) through a slot in the back wall of the testing chamber. The gustometer automatically centered the appropriate sipper tube in the slot behind the shutter.
Prior to testing, each mouse was subjected to three days of training. This served to familiarize the mouse with the gustometer and train it to lick from the sipper tube to obtain fluid.
The mouse was water-deprived for 22.5 hr prior to each 30-min training session to motivate licking. Each training session began when the shutter opened and the mouse took its first lick.
On Training Day 1, the shutter remained open throughout the test session, permitting the mouse to drink freely from a single stationary spout that dispensed water. Immediately after this training session, the mouse was given 1 hr of ad libitum access to water. Then, it was waterdeprived for another 22.5 hr. On Training Day 2, the mouse was provided with more limited access to two sipper tubes, each of which dispensed water. In this case, once the shutter opened, the mouse initiated each 5-s trial by taking a lick from the sipper tube. At the end of the trial, the shutter closed for 7.5 s (during which time the second sipper tube was positioned in the center of the slot) and then reopened, enabling the mouse to initiate another trial of the same duration. In this manner, the mouse could initiate up to 144 trials across the 30-min test session. On Training Day 3, the same procedure was repeated. All mice adapted readily to the gustometer across the three training days, as indicated by the fact that they took > 250 licks per training session. Once training was complete, each mouse was given food and water ad libitum for at least 24 hr.
For testing, each mouse was subjected to three 30-min test sessions. The procedure for running the test sessions was similar to that used during training sessions 2-3. During a test session, the mouse was offered two sipper tubes, each of which dispensed a different sweetener solution. We treated the two sweetener solutions as a block, and randomized (without replacement) the order of presentation of each sweetener within a block so that each solution was presented once before the initiation of a second block. The mouse could initiate up to 72 blocks. To motivate the mice to initiate a large number of trials during the 30-min test session, we food-and water-restricted them for 23-hr before each test session. Each mouse was provided with a single 1-g chow pellet (F0173, Bio-Serv; Frenchtown, NJ) and 2 ml of tap water; this amounted to approximately 19 and 30% of their normal daily food and water intake, respectively (J. Glendinning, unpublished data). We demonstrated previously that this deprivation procedure effectively increases the number of trials initiated by B6 mice, but does not alter their lick responsiveness for sugars (27) . Following each test session, the mouse was given a recovery day during which it had food and water ad libitum. Table 1 for key to abbreviations). We tested 9-13 mice/cohort Glendinning et al. / 11 (sex ratio per cohort balanced), resulting in a total number of 66 mice. To avoid order effects, we counter-balanced the presentation order of the three stimulus pairs across mice within each cohort.
Once a lick test was completed, we determined both the number of 5 s trials initiated and the mean number of licks emitted per trial for each of the two sweetener solutions. Then, to compare taste responsiveness to each sweetener solution, we ran a paired t-test. To increase the reliability of our measure of taste responsiveness, we included only those mice that initiated ≥ 18 trials in a test session (i.e., 9 trials per sweetener solution). This inclusion criterion caused us to reject only 1 mouse. The mean number of trials initiated per test session was 50.
To test for an effect of gender on lick responsiveness, we ran mixed-model ANOVAs, separately for each of the 21 stimulus pairs. In each ANOVA, we treated gender as a between factor and solution type as a within factor. Because there was no significant main effect of gender in any of the ANOVAs (i.e., P > 0.05), we collapsed across gender in the lick analyses.
Experiment 2: Measurement of daily intake
We measured daily intake with a 48-hr two-bottle preference test. Each mouse was tested individually in its home cage. On each testing day, a mouse was provided with laboratory chow ad libitum, and two bottles. One bottle contained the control solution (i.e., water; henceforth, W), and the other the experimental solution (see below for details). The mice accessed the solutions through sipper tubes located in the cage lid. The sipper tubes protruded approximately 1 cm into the cage, were positioned ~ 5 cm apart, and had a 1.5 mm hole designed for mice (Ancare, Belmore, NY). To control for position preferences, we tested each sweetener solution over two consecutive days, alternating its left-right position each day. Daily fluid intakes from both bottles were measured (to the nearest 0.01 g) by determining their change in weight, using an electronic balance interfaced to a computer. We estimated daily spillage based on weight changes of four bottles that were placed on two empty cages (two bottles contained the control solution and two contained the experimental solution). This daily spillage was subtracted from each measure of daily fluid intake. We did not measure the pattern or amount of chow ingested each day.
Because intake of sugar solutions can increase with dietary experience (52), we divided the experimental solutions across six separate cohorts of mice (n = 10 mice/cohort; total number of mice = 60); the net effect was that each cohort was run through four 48-hr preference tests. In each series of tests, we kept the control solution constant (W), but varied the experimental solution (see below). During test 1, the experimental solution was W; during test 2, it was saccharin (S); and during tests 3 and 4, it was one of the other sweetener solutions.
Accordingly, each cohort was tested with one of the following solution series: (1) Table 1 for key to abbreviations and caloric value of each solution.)
We tested 9-10 mice/cohort (sex-ratio/cohort balanced), resulting in a total number of 57 mice.
To avoid order effects, we counter-balanced the presentation order of experimental solutions across mice within each cohort.
For the data analysis, we focused on mean daily intake from the experimental solutions across the 48-hr preference tests. The only exception was when both the experimental and control solutions were water; in this case, we present combined daily intake of both solutions.
To test for gender differences, we ran a two-way ANOVA, separately for each cohort. We treated gender as a between factor and experimental solution as a within factor. Because the main effect of gender was not significant (P > 0.05) for each of the cohorts, we collapsed across gender for all subsequent analyses. For each cohort, we compared daily intakes across the different experimental solutions, using a one-way repeated measures ANOVA and a Tukey post-hoc test (modified for repeated measures data).
Results

Experiment 1: Measuring taste responses
CT nerve responses. We show typical CT nerve responses to several of the sweetener solutions in Fig. 1A , and mean responses to the sweetener solutions in Fig. 1B -C. There was a significant main effect of sweetener solution on the responses to the G 1-3 , S, and SG 1-3 solutions (F 6,97 = 39.7; P ≤ 0.05), and the relative magnitude of response to each solution was as follows: We ran a final set of tests to compare licking for G 1 vs F 1 , G 2 vs F 2 , and G 3 vs F 3 (Table 2) .
However, there were no significant differences in the number of licks/trial for any of the isomolar concentrations of glucose and fructose. This finding contradicts the nerve recordings, as the CT nerve responses to the fructose solutions were greater than those to the isomolar glucose concentrations.
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Experiment 2: Measurement of daily intake
Daily intakes of the experimental solutions are presented in Figure 4 , with the results from each cohort presented in separate panels. For each cohort, there was a significant main effect of experimental solution on daily intake (in all cases, P ≤ 0.05). The mice invariably consumed significantly more of sweetened solutions than of water. However, daily intakes of the sweetened solutions varied greatly across the six cohorts.
There were dramatic differences in daily intake of the fructose versus glucose solutions. For instance, daily intake of F 1 , F 2 and F 3 increased only weakly with concentration (i.e., from 5.5 to 9.0 g). In contrast, daily intake of G 1 , G 2 and G 3 increased nearly three-fold with concentration (i.e., from 10.6 to 28.5 g). Further, daily intake of G 1 , G 2 and G 3 solutions was significantly higher than that of each of the isocaloric F 1 , F 2 and F 3 solutions, respectively (in each unpaired t-test comparison, P ≤ 0.05).
Daily intakes also differed markedly between the binary mixtures of saccharin + fructose versus saccharin + glucose (Fig. 4) . For instance, daily intake of the saccharin + fructose mixtures was relatively low and did not increase with fructose concentration (i.e., from 10.5 to 11.0 g), whereas that of the saccharin + glucose mixtures increased markedly with glucose concentration (i.e., from 15 to 26 g). Because the mice did not consume significantly more SF 1 , SF 2 or SF 3 than of each component sweetener, it follows that saccharin and fructose (at any concentration) failed to act in an additive manner to increase daily intake. On the other hand, because the mice consumed significantly more SG 1 and SG 2 than they did S, G 1 or G 2 , it follows that S + G 1 (and S + G 2 ) acted additively to increase daily intake. Although daily intake of SG 3 was higher than S, it was equivalent to G 3 . While this latter finding may seem surprising at first glance, it is notable that daily intake of both SG 3 and G 3 exceeded the body weight of the mice. Thus, the absence of an additive effect of S + G 3 on daily intake probably reflects digestive processing constraints.
The central goal of this paper was to assess the contribution of taste to daily intake. We predicted that if taste was a major determinant of sweetener intake, then daily intake should increase with magnitude of the CT nerve and lick responses. Our results contradicted this prediction in several ways. For example, despite eliciting some of the weakest CT nerve and licking responses, the G 3 solution stimulated the highest daily intake. Likewise, saccharin and the binary mixtures of saccharin + fructose elicited the strongest taste responses, but the lowest daily intakes.
Discussion
The mice exhibited widely divergent taste-mediated responses to the sweetener solutions. In the CT nerve recordings, the relative magnitude of response to the sweetener solutions was: binary mixtures > saccharin > individual sugars. Likewise, the relative number of licks/trial for the sweetener solutions was: binary mixtures > saccharin > individual sugars. It follows, therefore, that the mice licked most avidly for the solutions that elicited the strongest CT nerve signal, and by extension the most intense sweet taste.
We observed one discrepancy between the CT nerve and licking responses. Despite eliciting slightly (but significantly) higher CT nerve responses, the F 2 and F 3 solutions elicited the same number of licks/trial as the G 2 and G 3 solutions. The most likely explanation for this discrepancy is that the magnitude of difference in CT nerve response between the aforementioned isomolar glucose and fructose solutions was too small to support behavioral discrimination. On the other hand, the magnitude of the difference in CT nerve response Glendinning et al. / 17 between the F 3 and S solutions (or the G 3 and S solutions) was three times larger, making them easier to discriminate.
Caveats
Before discussing the role of taste in stimulating intake of the sweetener solutions, it is necessary to address three caveats about our experimental approach. One is that when the mice ingested the sweetener solutions, they did not merely stimulate the taste system; they also stimulated the olfactory and trigeminal chemosensory systems (48, 79). Although it is difficult to assess the relative contributions of these three sensory modalities to sweetener intake, it is notable that genetic ablation of sweet taste transduction proteins (e.g., T1R3 or Trpm5) strongly attenuates licking responses for sweeteners in mice (77, 78) . Another caveat is that we recorded from only one of the three taste nerves (i.e., the CT nerve), and thus provide an incomplete picture of sweet taste input. At this point, little is known about the relative importance of input from the CT, glossopharyngeal and greater superficial petrosal nerves to sweetener intake in rodents, but it is significant that bilateral ablation of the CT nerve significantly attenuates daily intake of dilute concentrations of sucrose and Polycose (a polysaccharide) in rats (72) . The final caveat is that we made whole-nerve recordings, and thus
could not determine what percentage of each CT nerve response reflected activation of sweetsensitive afferent fibers (8, 68). For instance, the free Na + in the Na + -saccharin solutions may have increased the CT nerve responses by activating both salt-sensitive afferent fibers.
To determine the extent to which free Na + in the 38 mM Na 
Did taste determine intake of the dilute sugar solutions?
We found that daily intake of the sweetener solutions varied independently of taste-mediated responses to the same sweetener solutions. For instance, the G 2 and G 3 solutions caused some of the largest daily intakes, but elicited some of the weakest taste responses. On the other hand, the SF 1-3 , F 1-3 and S solutions caused some of the smallest daily intakes, but elicited the strongest taste responses. Further, the G 1-3 solutions elicited weaker CT nerve responses than (and similar lick rates as) the corresponding F 1-3 solutions, but nevertheless stimulated greater daily intake. Based on these findings, we infer that the taste responses did not determine daily intake of the sweetener solutions.
If taste did not determine daily intake, then the most likely alternative mechanism is post-oral nutritive stimulation. This proposition is based on two observations. One is that intragastric (IG) administration of sugars can provide robust stimulation of feeding in B6 mice. For instance, when intake of one flavored solution (the CS+) was paired with IG infusions of sucrose, and intake of another flavored solution (the CS-) was paired with IG infusions of water, the mice consumed significantly larger quantities of the CS+ and developed a strong preference for the CS+ over the CS-(58, 59). Another observation is that rodents developed strong preferences for flavored solutions when their intake was paired with IG infusions of glucose, but failed to do so when intake was paired with IG infusions of fructose; accordingly, the post-oral stimulation from glucose was much stronger than that from fructose (1, 56). Based on these findings, one would predict that (i) glucose should stimulate higher daily intake than fructose, (ii) daily intake should increase more robustly with glucose than fructose concentration, and (iii) binary mixtures of saccharin and glucose should stimulate greater daily intakes than binary mixtures of saccharin and fructose. This is exactly what we report in the present study.
Two lines of evidence argue against the possibility that the mice consumed less of the fructose solutions because they were more satiating (i.e., suppressed intake by activating negative feedback mechanisms in the gut). First, although relevant mouse data are not available, published rat studies indicate that fructose is not more satiating than glucose. For instance, three studies reported that glucose and fructose were equally satiating (7, 36, 57), two reported that fructose was less satiating (46, 73), and only one reported that fructose was more satiating (35). Second, published mouse studies found that daily intakes of glucose and fructose solutions increase with concentration until ~ 333 mM, but then decrease monotonically
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with successively higher concentrations (3, 4) . The latter observation is thought to reflect the fact that daily intake of concentrated (> 333 mM) sugar solutions is controlled by a complex interaction of both positive (i.e., sweet taste and post-oral nutritive stimulation) and negative (i.e., activation of post-oral satiety mechanisms) inputs (17, 53, 57). To minimize the contribution of negative inputs, we tested only dilute (≤ 333 mM) concentrations of glucose and fructose.
Did sweet taste and post-oral nutritive stimulation mutually reinforce one another?
We are not suggesting that taste had no impact on daily intake of the sweetener solutions. We cannot reject the possibility that the fructose solutions caused weak post-oral stimulation. This is because the F 2 and F 3 solutions stimulated daily intakes that were statistically indistinguishable from those stimulated by the S solution. If daily intakes of the F 2 and F 3 solutions were driven exclusively by taste, then the mice should have consumed less of the F 2 and F 3 solutions than of the S solution, given that the F 2 and F 3 solutions elicited significantly weaker taste responses.
Synergistic interactions of sweeteners in the peripheral taste system
There are prior reports that pre-exposure of the tongue to saccharin enhances subsequent peripheral taste responses to certain amino acids in both mice (41) and rhesus monkeys (40). binding by saccharin + fructose (relative to saccharin + glucose). It may also reflect the fact that the CT nerve responses of mice tested with the fructose solutions were generally stronger than those of mice tested with the glucose solutions (see Figs. 1 and 2) . Accordingly, our ability to observe a saccharin + fructose synergy could have been constrained by a ceiling effect. This possibility could be evaluated by testing a wider range of concentrations of both sweeteners.
Binary mixtures of saccharin and glucose have been found to produce synergistic increases in daily intake in mice (12) and rats (71) , and sweetness intensity in humans (49). That the mixture of saccharin + glucose tastes better than either component alone is supported by a study in which rats were offered two sipper tubes-one dispensed saccharin and the other glucose. As the rats consumed both solutions, they switched rapidly between the two sipper tubes in an apparent effort to create the more preferred blend of saccharin and glucose in their mouth (65) .
We found that the SG 1 solution stimulated significantly greater intake than did the S or G 1 solutions. However, because intake of the SG 1 solution was not greater than the sum of the daily intakes of the S and G 1 solutions, it follows that the SG 1 solution had an additive (and not a synergistic) effect on daily intake. In contrast, Capretta et al. (12) reported that daily intake of the SG 1 solution was greater than the sum of the daily intakes of S and G 1 alone, indicating that SG 1 had a synergistic effect on daily intake in B6 mice. These contradictory findings likely reflect differences between our two-bottle testing procedures. Whereas we paired each of the sweetener solutions (i.e., SG 1 , S or G 1 ) with water, Capretta et al. (12) paired the SG 1 solution with either the S or G 1 solution. It is notable that daily intake of the SG 1 solution in our study and that of Capretta et al was similar (i.e., ~15 g). What differed was daily intake of the S and G 1 solutions. It is likely that the lower intake of the S and G 1 solutions in the Capretta et al.
study stems from the fact that the reward value of these solutions was depreciated because Glendinning et al. / 23 they were each presented alongside the more preferred SG 1 solution. This phenomenon is referred to as a negative contrast effect (24, 25, 31). In the present study, the reward value of the S and G 1 solutions would not have been depreciated by a negative contrast effect because they were each presented alongside a less preferred solution (i.e., water).
Perspectives and Significance
While the "sweet tooth" is often assumed to be activated primarily by taste, our results indicate that it reflects a complex interaction between taste and post-oral nutritive stimulation (1, 53, 58, 59) . At this point, however, little is known about the viscerosensory mechanism that mediates post-oral nutritive stimulation. It is thought to reside within the epithelium of the duodenum and jejunum (2); respond strongly to glucose and fats (2, 59) Table 1 for the composition of each sweetener solution and its abbreviation. We compared each pair of predicted and observed responses with paired t-tests (* P ≤ 0.05). A significantly higher observed CT nerve response indicates that the response to the binary mixture was synergistic.
Each bar indicates mean ± S.E. Top row of panels, n = 12; bottom row of panels, n = 14. we compare licking for F vs S, F vs SF, and S vs SF, using three different concentrations of F.
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In the bottom row of panels, we compare licking for G vs S, G vs SG, and S vs SG , using three different concentrations of G. See Table 1 Test solution
